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Abstract 
X-ray radar imaging combines standard radar techniques with the penetration power of X-rays to image scenes. Our project 
strives to demonstrate the technique using a 2-MeV linear electron accelerator to generate the S-band--modulated X-ray signals. 
X-ray detectors such as photodiodes and scintillators are used to detect the signals in backscatter and transmission detection 
schemes. The S-band microstructure is imposed on the variable width electron pulse and this modulation carries over to the 
bremsstrahlung X-rays after the electron beam is incident upon a copper-tungsten alloy target. Using phase/distance calculations 
and a low-jitter system, we expect to detect different object distances by comparing the measured phase differences. The 
experimental setup, which meets strict jitter requirements, and preliminary experimental results are presented. 
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1. Background 
A U.S. patent on the concept of X-ray radar was recently awarded to Lockheed Martin [1]. The technology uses 
radar signal processing techniques on a signal produced by radio frequency (RF)–modulated X-rays rather than the 
standard RF electromagnetic (EM) waves used by traditional methods. X-rays can penetrate metal walls, whereas 
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standard EM waves at radio frequencies will reflect off metal walls. This technology, if it proves out, will 
demonstrate an ability to generate 3-D reconstructions at sub-centimeter resolutions of shielded configurations where 
only one-sided access is available such as small objects hidden inside metal walls. With improved techniques a 
scanner could be developed to detect small items with millimeter resolution. 
An example of the application of ranging techniques to discriminate structures in a given volume is a modulated 
light detection and ranging (lidar) system constructed by Lockheed Martin. The detector measures the amplitude of 
the modulated light signal, and this signal is stored. The stored signal is compared with the stored transmitted 
reference signal, and the phase difference between the two signals is computed and stored. This phase difference is 
proportional to the range delay in the reference image. The phase information can be plotted in the same scanning 
format in which the signal was collected to form a range image, where black represents near range, white represents 
far range, and intermediate ranges take on a grayscale value. Figure 1 shows ranging images where the vehicles are 
outside (Figure 1a) and inside (Figure1b) the ranging values, referring to a concept akin to depth of field in 
photography, respectively. By changing the amount of light on the image sensor with the aperture a different range 
of distances from the image sensor are in focus. This technique achieves a similar result by changing the phase. As 
Figure 1 shows, the ranging technique can improve the signal-to-noise ratio for imaging. X-ray radar relies on the 
same range delay technique, but it will be implemented using modulated X-rays rather than light. Once the 
preliminary phase/distance measurements prove the basic physics, the next phase of the project will evaluate and 
select image-forming techniques. 
 
 
Figure 1. (a) Near-range gated image of scene, in which black is mapped to shortest range gate and white to the longest. The two vehicles are 
poorly identified. (b) Far-range gated image of scene, in which two vehicles appear as distinct from other objects in the scene at different ranges. 
2. Project 
2.1. Experiment definition 
The goal of this project is to experimentally verify implementation of the X-ray radar concept. Objects of interest 
are placed in the field of view of an X-ray pulse from the linac, and the scene is flooded with RF modulated X-rays 
(Figure 2). X-ray detectors measure the reflected backscatter signal along with phase information and the range can 
be calculated using radar signal processing techniques. 
 
Figure 2. Conceptual diagram of the experimental setup 
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Radar uses a ranging and detection algorithm that relies on time delays of a signal reflected off of an object,  
d = ct/2. The radar equation in one-dimension gives a distance d based on the speed of light c and the time of flight t 
divided by two, to compensate for the distance traveled to and from the backscattered object. Because the relative 
phase of a signal is related to the time of flight, radar techniques include methodologies using time domain analysis 
and frequency domain analysis.  
The National Security Technologies, LLC, Los Alamos Operations (NSTec LAO) linac can generate electrons 
with energies ranging from 100 keV to approximately 2 MeV. Long- and short-pulse bursts of electrons can be 
generated; however, each type requires a different radar processing technique. For short-pulse electron bursts, the 
accelerator generates a 1 ns pulse that is accelerated through the RF cavities, and the 2.856 GHz RF waveform is 
superimposed on the pulse. A time-based radar ranging technique can be applied to analyze the backscattered 
waveform. Impulse radar [4] transmits a short pulse and receives one or more reflections. The delay of each 
reflection is then correlated with distance. Using photodiodes that are fast enough to detect the reflected X-rays, we 
can deconvolve the signal and generate a depth map of the scanned volume. 
Using the linac in long-pulse mode drives the use of a frequency-based radar approach. We are able to inject a 
long pulse into the accelerator and create a highly modulated electron bunch. For our experiments we accelerate a 
100 ns pulse through the RF cavity to create a 100 ns pulse with a 2.856 GHz microstructure superimposed on the 
long pulse. The microstructure consists of a series of approximately 30 ps wide pulses separated by 350 ps, the 
period of 2.856 GHz. We then use the 2.856 GHz microstructure modulation signal to analyze the scanned volume. 
When using a long pulse, we use a frequency domain technique that uses an FFT of the X-ray signal generated by 
the long pulse. This FFT gives us the magnitude and phase of the X-ray signal with respect to the frequency domain; 
phase differences can be used to calculate the range. 
A National Instruments (NI) Compact Real-Time Input Output (cRIO) unit running LabVIEW software controls 
the injector. This system is shown in Figure 3. 
 
                                                           
                                                           Figure 3. The top deck for injector control and improved accelerator stability 
The experimental measurements were expected to be sensitive to stray RF electromagnetic field noise from the 
accelerator, historically a common problem we have seen with sensors in the past. System timing jitter was also 
another concern because large timing changes from shot to shot will alter the phase measurements even though there 
was no change in measurement position. The requirement for this project was to achieve 0.15 cm range resolution. 
The measured distance ambiguity requirement drives the need for system jitter no greater than 10 ps. We derived 
this result from the equation (1) below. 
 
∆t = 2∆d/c = 2 × 0.15 cm/c = 10 ps,        (1) 
 
 W. Dreesen et al. /  Physics Procedia  66 ( 2015 )  186 – 195 189
where Δt is the travel time, Δd is the distance between the source and the detector, and c is the speed of light. We 
found Aa Tektronix 7122C arbitrary waveform generator (AWG), which had sub-picosecond jitter specifications 
between the zero-phase of the generated RF waveform and its own self-generated step function. We used the RF 
waveform to drive the amplifiers that ultimately drive the RF accelerator at 2.856 GHz, and we used the step 
function to trigger the pulse amplifiers in the accelerator and a Tektronix 72004B DPO, 20 GHz oscilloscope. 
2.2. System for running and triggering the accelerator 
Figure 4 shows the system diagram of the experimental setup, revealing the synchronization of the linac’s 
electron gun with the RF burst. The klystron supplies a fixed 4 μs burst of RF energy to the accelerator, and the 
electron pulse from the injector must be injected at a stable, flat-topped region within that burst. The injector has 
considerable volume for installing bench-top amplifiers and delay units for firing the electron gun. In this 
configuration, the injector has a short-pulse amplifier that fires 1 ns electron pulses triggered by a rising edge. It also 
houses a long-pulse amplifier capable of different pulse lengths ranging from 40 ns to 1 μs. The system’s master 
clock is a Quantum Composer 9528 trigger delay unit capable of triggering up to eight channels with 2 ns of jitter. 
The Tektronix AWG is controlled by the master clock to generate a 2.856 GHz sinusoidal 4 μs burst to the klystron. 
 
        
Figure 4. System diagram and experimental setup for accelerator operation includes synchronization of RF with injected electron pulse and with 
the oscilloscope for data acquisition. 
3. Detector evaluation 
3.1. Photodiode 
Using X-ray detectors capable of resolving 3 GHz–modulated X-rays was anticipated as a significant challenge 
for this project. The fastest commercial X-ray detector identified was the Opto Diode AXUVHS6 coupled with a 
Picosecond Pulse Labs 5541 bias tee. The 50 ps rise time of this detection system was dominated by the Opto Diode 
Corporation detectors. Because the calculated width of the micro-structure pulses from the linac is 30 ps, this 
detection system cannot give full temporal information about the X-ray pulse. However, these detectors can resolve 
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the 350 ps (2.856 GHz) microstructure spacing. Figure 5 shows the size of the Opto Diode detectors with respect to 
a dime. 
We tested the photodiode in the short-pulse mode of the linac as saw no signal on the detector using a Tektronix 
DPO 72004B, 20 GHz oscilloscope. Although the small active area of the detector, 0.029 mm × 0.029 mm, 
increases the frequency response and provides a larger bandwidth, we sacrifice signal strength. Therefore the 
detector was too small to use for time response measurements using the short-pulse mode of the linac. We switched 
the accelerator to long-pulse mode which provides a larger signal to process and used a frequency domain 
measurement. A representative FFT magnitude is shown in Figure 6b. 
As can be seen in Figure 6a, the oscilloscope is at maximum sensitivity and the signal strength measured about 
30 mV when the detector is placed facing the X-ray target close to the X-ray window on the beam port. Note that the 
modulation cannot be seen entirely due to the time scale of the time series plot, but is apparent in the FFT. 
With the initial photodiode measurements completed without amplification, the diode signals measure from 5 to 
30 mV. Future measurements at greater distances or with reflected X-rays will require the use of high-quality 
amplifiers, which will unfortunately increase measurement jitter. 
 
 
 
 
Figure 5. The Opto Diode AXUVHS6 UV silicon diode was used on initial experiments because they were readily available in-house and in 
budget; however, they have low signal strength. 
 
Figure 6. (a) Time response data show the detector’s low signal strength, which required us to use the long-pulse mode of the linac for these 
measurements; (b) FFT calculation for signal to the left for the same detector. 
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3.1.1. Photodiode frequency domain analysis 
 
We used a frequency analysis technique to measure phase because of the better signal-to-noise ratio of the phase 
technique with the Opto Diode detectors using long pulse mode on the linac. Before we were ready to make derived 
range measurements in the backscatter mode, we needed to verify the capability to measure basic phase changes as 
we moved two detectors in a direct mode setup using a FFT measurement.  
 
 
Figure 7. The position of the fast photodiodes is shown pointing directly into the X-ray window. The X-ray target is in the beam line. 
One photodiode was set up as a fixed diode placed near the beam port, as shown in Figure 7.The second diode is 
movable, sliding toward and away from the beam port on an optical rail. We placed the fixed diode approximately 
16.8 cm from the copper-tungsten target in the electron beam line as a fixed phase reference. The position of the 
movable diode was adjusted relatively from the fixed diode, 1 cm to 4 cm in 1 cm increments. Range can be derived 
using the following equations (2,3): 
   
0 1fixed movable fixed movableposition position
T T T T T'      (2) 
 
360.0
cRange f
f
T'   (3) 
Each θ is the measured phase of the FFT at position0 and position1, and f is the modulation frequency. We were 
well within the 10.5 cm range maximum (wavelength = c/frequency), before the point at which we would expect to 
192   W. Dreesen et al. /  Physics Procedia  66 ( 2015 )  186 – 195 
see phase wrap. At a distance change, Δd, of 1 cm and 2.856 GHz, one would expect 34.3° of change using the 
following formula: 
  360 ddegreesT O
''  q  (4) 
Where Δd is the change in distance in centimeters, and λ is the wavelength of the modulation frequency of 
2.856 GHz. 
3.1.2. Photodiode results 
The phase values we observed were much more stable shot-to-shot than in prior measurements, but we did not 
see the expected results. For each 1 cm increment, we were expecting 34.3° of relative phase change, but this effect 
was not clearly seen in the data (Figure 8). We replaced potentially bad cables and connectors, and we moved the 
oscilloscope to the accelerator cell to reduce line attenuation and RF pickup, but still obtained inconsistent results.  
                     
Figure 8. Derived range measurement showing calculated range vs. distance moved. The red line shows the expected values while the blue and 
green show the calculated values based on the phase measured. 
3.2. Scintillator 
We decided to explore the use of a scintillation detector that would give us a larger detection volume (2.36 cm3) 
while maintaining acceptable detection bandwidth. The detector consists of an Eljen EJ-232Q with a quench level of 
0.5% benzophenone, plastic scintillator rod 10 mm in diameter by 30 mm long with 110 ps rise time and a 700 ps 
decay time, coupled to Photek PMT-210 microchannel plate (MCP). The Photek MCP has a 60 ps rise time and 
a110 ps full width half maximum characteristic (Figure 9). 
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Figure 9. (left) CAD model of the scintillator detector assembly; (right) assembled detector 
3.2.1. Scintillator time domain analysis 
Time domain analysis relies on measuring the time delay between a known time marker signal and the detection 
of the X-ray signal. The delay and the distance are directly related by the speed of propagation of the X-ray: d = ct, 
where d equals distance and t equals time. The frequency domain approach uses an FFT applied to the signal after it 
is detected to extract the phase information that is used to calculate range. These measurements can be performed on 
the direct X-ray beam to determine source-detector distance or on the reflected X-ray beam to determine the 
distance from the reflecting object to the detector. Our approach is to start with direct mode to test out the basic 
concept, and then work on the more difficult problem of backscatter where we anticipate the reflected signal will be 
several orders of magnitude lower in intensity. The low intensity of the reflected signal drives our pursuit of 
detectors with large signal strengths. 
3.2.2.  Scintillator results 
Figure 10 shows the output from the scintillation detector with an order of magnitude increase in signal compared 
to the diodes. The accelerator was run in short-pulse mode with the intention of making time delay measurements 
using the leading edge of the X-ray pulse. The leading edge is well defined and, unexpectedly RF modulation 
appeared on the detector’s signal. When we calculated the FFT, indications of a peak appeared at 2.856 GHz on the 
magnitude portion of the transform; this peak indicates the scintillation detector may perform well in frequency 
mode as well as impulse mode. Attempts to get a longer pulse to improve the FFT resulted in saturation of the MCP 
detector with a 100 ns pulse. As configured, the linac does not have the capability for pulses in the tens of 
nanosecond regime. This capability needs to be developed in order to further evaluate the use of the scintillator with 
frequency domain studies. 
Our ongoing work on this project includes completing the time response measurements with the Eljen/Photek 
detector at different distances from the X-ray target in the direct X-ray beam and comparing these measurements to 
predictions. Then we will repeat our frequency experiments using the scintillation detector to verify if this detector 
can be used in both time and frequency domain measurements. We will perform backscatter measurements, using 
time or frequency domain when the signal strength is sufficient to detect a backscattered X-ray. Depending on signal 
strength, low-noise, and low-jitter amplifiers may be required for reflection measurements. Results from the 1-D 
backscatter measurements will drive the decision as to whether to develop a detector array for 2-D and 3-D 
measurements to prove out the concept as an imaging detector. 
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Figure 10. Output of the Eljen/Photek detector: The blue trace shows the detected X-ray signal using the scintillator, an order of magnitude 
stronger than the photodiode, and there is some ripple on the signal showing the RF modulation from the accelerator. The green trace shows the 
RF modulation alone to compare to the blue scintillator signal. 
                                  
Figure 11. FFT of the signal shown in Figure 10. A frequency peak at 2.856 MHz shows promise in using the detector for frequency domain 
analysis. 
4. Conclusion 
Measurements to verify the X-ray radar concept have proven challenging. The LAO linac required modifications 
to improve its stability for making these sensitive measurements. The stability of the injector and the time jitter has 
been improved to the level required for X-ray radar measurements. Once confidence in the detector and 
measurement techniques is established, 1-D backscatter studies will be performed as the first step toward validating 
the feasibility of X-ray radar. With successful 1-D backscatter experiments, the next significant challenge will be to 
define techniques that can be used for 2-D imaging. X-ray pinhole, phased array, and other techniques will need to 
be evaluated using simulation and experiments. Ultimately, 2-D imaging capabilities will need to be developed 
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using, for example, a pinhole or coded aperture along with an array of detectors. [2-3, 5].Combining a 2-D image 
with ranging will provide enough information to form a 3-D image.  
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